Objective: Although considerable evidence implicates hostility in the development of coronary artery disease (CAD), the pathogenic mechanisms remain poorly understood. We have developed a psychophysiological model that holds that altered autonomic nervous system function links psychological traits with CAD outcomes. In laboratory studies, stressors reduce high-frequency (HF) heart period variability, an index of cardiac vagal modulation. With ambulatory electrocardiographic recording, we demonstrated in a predominantly male sample that hostility was inversely associated with HF power, but only during waking hours. These findings are consistent with the hypothesis that hostile individuals experience multiple stressful interpersonal transactions each day, resulting in overall lower HF power during the day but not at night. Methods: To further evaluate this hypothesis, we screened 96 subjects using the Cook-Medley Hostility Scale and selected 15 men and 15 women representing a wide distribution of hostility. These subjects were studied in a laboratory session assessing reactivity to psychological and orthostatic challenges with continuous electrocardiographic, blood pressure, and respiration monitoring. We predicted that for men and women, hostility would be inversely related to reductions in HF power in response to challenge. Results: In response to mental stressors, all measures of heart period variability change were inversely related to hostility as predicted. No such relationships were found for responses to tilt. The data suggested a possible effect of gender on these relationships. Conclusions: These data add to the growing body of evidence showing that hostility influences vagal modulation of the cardiovascular system and suggest that altered autonomic control is a pathogenic mechanism linking hostility and CAD.
INTRODUCTION
The contribution of psychological and psychophysiological characteristics to the development of CAD has been the focus of decades of research, with numerous studies indicating that psychological characteristics such as anxiety, depression, and hostility are associated with increased risk of disease. Although interest in the pathogenic consequences of each of these characteristics has been considerable, evidence may be strongest for hostility. Matthews and Haynes (1) have reported that reanalyses of data from several large studies originally designed to evaluate the impact of the Type A behavior on CAD have shown that hostility predicts the development of CAD. Many more recent studies confirm the relationship between hostility and heart disease. In a case control study of angiographic evidence of CAD, nonsmoking cases had significantly higher hostility scores than control subjects, an association not present among smokers (2) . In a prospective study of more than 700 50-year-olds living in Glostrup, Denmark, hostility was associated with increased risk of MI after control for conventional cardiac risk factors, including signs of ischemia at baseline (3). Everson et al. (4) showed that hostility is associated with an increased risk of all-cause mortality and MI but that this risk is mediated primarily by behavioral risk factors. Using the case crossover design, Mittleman et al. (5) demonstrated that episodes of anger trigger MI. In a large community study (N Ͼ 12,000), anger proneness predicted CAD outcomes after a median follow-up period of 53 months even after control for standard risk factors (6) . A recent metaanalysis of this research area concluded that hostility was an independent predictor of CAD (7) .
The pathogenic mechanisms by which hostility confers risk of CAD have not been elucidated completely. Hostility is associated with increased cardiovascular reactivity to challenge (1, 8 -14) , especially under conditions of interpersonal challenge (15) (16) (17) (18) . Reactivity has been proposed as a CAD risk factor (19) , and considerable empirical support for this hypothesis has been developed (20 -23) in both human and animal studies.
We recently developed a psychophysiological model that holds that diminished ANS control is a mechanism linking hostility with CAD (24) . Substantial evidence indicates that ANS activity predicts survival after MI. Blunted autonomic control of the heart, as measured noninvasively by analysis of HPV, is associated with lower survival after MI (25) (26) (27) (28) . Recent evidence from two prospective studies of initially healthy subjects suggests that lower levels of HPV predict the development of CAD (29) and cardiac events (30) . Several studies have suggested that hostility is associated with diminished cardiac vagal control (31, 32) . In a study using 24-hour continuous ECG monitoring, we demonstrated that in normal subjects under age 40, HF-HPV, an index of cardiac vagal modulation, is inversely related to hostility, but only during daytime hours (33) .
In this latter study, we suggested that these findings were consistent with Smith's transactional hypothesis (13) : that hostile individuals experience multiple stressful interpersonal transactions each day, resulting in overall lower HF power during the day but not at night. The findings from this study, however, must be qualified because subjects were healthy control subjects matched with cardiac transplant recipients in a study of psychophysiological reactivity after cardiac denervation. Because most transplant recipients are male, only 5 of the 38 subjects in this study were women. Therefore, in the current study we tested the transactional hypothesis in both men and women. Moreover, because some evidence suggests that hostility influences cardiovascular responses to physical stimuli (31, 32) , we studied the responses to both psychological and orthostatic challenges. Specifically, we predicted that in response to laboratory challenge, HF power reactivity would be inversely related to hostility in both men and women. We also examined the relationship between hostility and other indices of HPV reactivity.
METHODS

Subjects
Subjects were 15 male and 15 female volunteers. Mean (ϮSD) age of the subjects was 30.9 Ϯ 6.9 years (range ϭ 22-46 years). All subjects were healthy nonsmokers with no history of cardiac, respiratory, or vascular disease, as measured by self-report during an intake interview. None was taking any medications at the time of the study. This study was approved by the Institutional Review Board of the Columbia-Presbyterian Medical Center, and subjects gave informed consent.
Procedure
Data were collected in two phases. In the first, 96 subjects were screened using a battery of psychological questionnaires including the Cook-Medley Hostility Scale. The mean Ho score for this group was 17.39 Ϯ 8.48 (range ϭ 4 -46). From these subjects we selected the five men and five women with the highest scores and the five men and five women with the lowest scores. We then selected the five men and five women closest to the median. These 30 subjects participated in the second phase of the study, which consisted of a laboratory-based psychophysiological study.
On a separate day, subjects arrived at the laboratory having eaten a light breakfast but having abstained from caffeinated beverages that morning. After review of the experimental procedures, subjects then practiced the mental stress tasks. Next, electrodes for ECG monitoring were attached. Stretch bands were placed around the subject's chest and abdomen for measurement of respiration (see below). The subject then was placed in the supine position on a Midland electric tilt table, modified to suspend a computer monitor in the subject's visual field for display of the psychological tasks. A Finapres BP cuff (Ohmeda, Englewood, CO) was placed on the middle finger of the nondominant hand, and a numeric keypad, for responding to the tasks, was secured in a comfortable position relative to the dominant hand. Subjects could not see the keypad but could identify the keys by touch. Subjects then rested quietly for 10 minutes to adapt to the position; this period was followed by a 3-minute period for calibration of respiration and BP monitoring devices, and a 5-minute quiet, resting baseline period. Subjects then performed a mental arithmetic stressor and a Stroop color-word task, each 5 minutes in length and followed by a 5-minute recovery period. Subjects were instructed to remain silent throughout the procedures. After a 5-minute recovery period following the second task, the tilt table was elevated to the 70°head-up position over the course of 1 minute. BP and respiration monitors were recalibrated in the upright position. Subjects remained in the head-up position for 10 minutes unless they developed symptoms of lightheadedness.
The interval between screening and psychophysiologic testing was 17.7 Ϯ 3.9 months.
Psychological Stressors
Mental arithmetic. In this task subjects were presented with a four-digit number on the computer monitor and were instructed to subtract serially by 7 starting with this number, which disappeared after the first answer was entered. At 1-minute intervals, subjects received verbal prompts (eg, "please subtract faster"). This task was not paced by the computer, but subjects were instructed to subtract as quickly and as accurately as possible.
Stroop color-word task. In this version of the Stroop task, the computer presented color names (blue, green, yellow, and red) in colors that were either congruent or incongruent with the names. The subject's task was to press the key on the keypad that corresponded to the color of the letters. The task was paced by the computer, and an incorrect response or failure to respond rapidly enough resulted in a message indicating "incorrect" on the screen.
Physiological Stressor
The orthostatic challenge was response to passive tilt. After the tilt table was elevated to 70°head-up over the course of 1 minute, subjects remained in this upright position while the respiration and BP monitors were recalibrated. This recalibration required approximately 2 minutes. After calibration was completed, data collection was resumed for a 10-minute period. Because we were interested in the steady-state response to the upright position and not the immediate cardiovascular response to the positional change, data from the final 5 minutes of this 10-minute period were submitted to analysis. Evidence suggests that after 2 minutes in the upright position, there is a substantial contribution of the sympathetic nervous system to the cardiovascular response (34) .
Acquisition and Processing of ECG Signals
ECG electrodes were placed on the right shoulder, on the left anterior axillary line at the 10th intercostal space, and in the right lower quadrant. Analog ECG signals were digitized at 500 Hz by a National Instruments A/D board and passed to a Toshiba microcomputer. The ECG waveform was submitted to a specially written R-wave detection routine, resulting in an RR interval series. Errors in the marking of R waves were corrected interactively.
Acquisition of BP and Respiration Signals BP was measured by an Ohmeda Finapres 2300 monitor with the servo self-adjustment disabled except for the last minute of each period. The analog pressure waveform was digitized at 500 Hz and collected by the microcomputer. Systolic and diastolic pressures were identified on the pressure waveform by a specially written program. Errors in marking systole and diastole were corrected interactively.
Respiration was monitored by inductive plethysmography using the Respitrace system (Ambulatory Monitoring, Inc., Ardsley, NY). Analog signals from chest and abdomen bands were digitized at 20 Hz.
Heart Period Variability
Mean HR and the following indices of HPV were computed: the standard deviation of the RR interval series (SDRR), the root-meansquared successive difference (rMSSD), and spectral power in the LF (0.02-0.07 Hz), MF (0.07-0.15 Hz), and HF (0.15-0.50 Hz) bands. Spectra were calculated separately for HF power and rMSSD on 60-second epochs and for LF and MF power on 240-second epochs using an interval method for computing Fourier transforms similar to that described by deBoer et al. (35) . Before computing Fourier transforms, the mean of the RR interval series was subtracted from each value in the series. The residual series was then filtered using a Hanning window (36) , and the power (ie, variance, in milliseconds; Ref.
3) over the LF, MF, and HF bands was summed. Estimates of spectral power were adjusted to account for attenuation produced by this filter (36) .
Respiration
Chest and abdominal respiration signals were submitted to a specially written respiration scoring program that produced minuteby-minute means of respiratory rate.
Data Reduction and Analysis
Because the servo self-adjustment of the Finapres was enabled during the final minute of each 5-minute recording period, only data from the first 4 minutes of each period were analyzed. For HF power, a mean value for each period was computed from the four 60-second estimates. For LF and MF power, a single value was produced from the spectral analysis of the 240-second epoch.
Data from the first 5 minutes of the tilt period were excluded from analysis to permit full equilibration to the upright position. Therefore, data from minutes 6 to 10 of tilt were selected for analysis.
Following the recommendation of Kamarck et al. (37) , data from the two psychological stressors were aggregated to increase response stability. Specifically, reactivity to the tasks was computed as a change score, the difference between the mean from each of the stressors and the value during the initial baseline period.
For each period, mean HR, HPV, and respiratory frequency were presented. For purposes of statistical analysis, HPV data were log transformed to correct for skewness.
HF power was analyzed before and after correction for respiratory rate. This correction was accomplished by regressing HF power on respiratory rate across all measurement periods for each subject and then analyzing the residuals.
Statistical Analyses
Paired t tests were used to measure reactivity to psychological and orthostatic challenge. We used Pearson correlation coefficients to test the linear relationship between hostility and measures of cardiac autonomic control. Separate analyses were conducted for each autonomic measure and for the psychological and orthostatic stressors.
RESULTS
Reactivity to Challenge
As expected, mental and orthostatic challenge produced substantial reactivity in measures of autonomic control. These data are presented in Table 1 .
Mental challenge produced significant increases in HR and decreases in all measures of HPV with the exception of SDRR for both men and women. Respiratory rate increased significantly for both men and women. Although we did not correct for multiple comparisons, the consistency of these findings suggests that psychological challenge has a substantial impact on cardiovascular autonomic control.
Responses to tilt were less consistent. Although HR increased for both men and women, there was no change in SDRR, MF power, or respiratory rate. HF power and rMSSD fell for both men and women, and LF power increased only for men. Control for respiratory rate did not alter any of these findings.
Effect of Hostility
The mean Cook-Medley score for men was 17.1 (SD ϭ 10.6, range ϭ 4 -40). For women, it was 17.3 (SD ϭ 7.2, range ϭ 9 -28). Table 2 presents the Pearson correlation coefficients between hostility and psychophysiological indices. During the baseline period, there was little relationship between hostility and HPV: Only LF power (r ϭ 0.38, p Ͻ .05) and HF power after correction for respiratory rate (r ϭ 0.36, p Ͻ .10) were significant or marginally significant.
Unlike data from the baseline period, all measures of HPV responses to the psychological challenges were inversely related to hostility. For all HPV indices ex-cept MF power (p Ͻ .10) and HF power before correction for respiratory rate (p Ͻ .10), these negative correlations were significant at the .05 level or lower. Thus, higher hostility scores were associated with greater reductions in HPV in response to psychological challenge. Hostility was unrelated to HPV responses to tilt. As with the analyses of reactivity presented above, although we did not correct for multiple comparisons, the consistency of the Pearson coefficients suggests that hostility is inversely related to reactivity to psychological challenge.
Effect of Gender
There was a wide distribution of hostility scores for both men (mean Ϯ SD ϭ 17.3 Ϯ 7.2) and women (17.1 Ϯ 10.6). Table 3 presents the gender-specific correlation coefficients between hostility and reactivity to psychological challenge.
These data suggest a possible effect of gender. Specifically, gender seems to have a frequency-dependent effect on the inverse relationship between HPV reactivity to psychological challenge and hostility. For men this inverse relationship was seen for higher frequency (HF power and rMSSD) responses to challenge. For women it was seen only in responsiveness of lower frequency (LF power) or global indices (SD) of HPV.
To further explore this possible effect of gender, we conducted a regression analysis with gender, hostility, and their interaction as predictive variables for HF power reactivity. Although the interaction term failed to reach significance (p ϭ .25), this may be attributable to insufficient statistical power.
DISCUSSION
The findings of this study support the hypothesis that HF power reactivity to psychological challenge is inversely related to hostility. Other measures of HPV responses to psychological challenge also were inversely related to hostility. There was no effect of hostility on the HPV responses to orthostatic tilt. Separate Pearson correlations for men and women suggested the possibility of a gender-specific frequency dependence of HPV reactivity to psychological challenge. However, a specific test of this interaction failed to reach statistical significance, possibly due to insuf- ficient statistical power. Generally, however, the effect of hostility on the fall in HPV in response to psychological challenge was seen for both men and women. Although HPV reactivity was inversely related to hostility, there was no significant relationship between resting levels of HPV and hostility. These findings are broadly consistent with our previous data (33) . In that study we found an inverse relationship between hostility and HF power during 24-hour continuous ECG monitoring only during the daytime, an effect we suggested was consistent with Smith's (13) transactional hypothesis. This hypothesis holds that hostile individuals engage in multiple stressful transactions throughout the day. Because laboratory studies repeatedly have shown that stressors lead to reductions in HF power, the cumulative effect of such multiple transactions is to reduce HF power during continuous ECG monitoring. However, because these stressful transactions occur only during waking hours, no relationship between hostility and HF power would be seen at night. Other evidence also supports this hypothesis (38) .
There is substantial evidence that HF-HPV represents a noninvasive index of cardiac vagal modulation (39) (40) (41) . The physiological significance of lower frequency oscillations is less well established. However, recent studies by Taylor et al. (42) and Grasso et al. (43) suggest that lower as well as higher frequency HPV reflects parasympathetic influences. Earlier studies also reflect the contribution of vagal effects on LF-as well as HF-HPV (40, 41) . Thus, our data are broadly consistent with the original hypothesis: Hostility is inversely related to cardiac parasympathetic responses to psychological challenge.
In this study hostility did not modulate the HPV responses to a physical challenge, passive orthostatic tilt. Other studies, however, suggest that hostility affects parasympathetic responses to physiological challenge. Muranaka et al. (32) showed that a vagomimetic cold facial stimulus led to enhanced vagal responsiveness, as measured by greater HR slowing, in Type B men. Similarly, Fukudo et al. (31) found diminished vagal responsiveness to a ␤-adrenergic challenge, isoproterenol infusion, in Type A compared with Type B men. These inconsistencies in vagal responses to physical stimuli are likely to result from methodological differences. Cold facial stimuli simultaneously activate vagal and ␣-adrenergic reflexes. Fukudo et al. measured T-wave attenuation rather than HPV as the index of vagal responsiveness. These differences in stimuli and indices of vagal activity may account for the inconsistency of these findings.
The explanation of the difference in vagal responses to psychological and orthostatic challenge in the current study is unclear but may be due to the physiological differences between these two types of stressors. Tilt is recognized as a profound sympathetic stressor: To compensate for pooling of blood in the lower limbs and the consequent fall in BP produced by the change from the supine to the upright position, baroreflexmediated increases in sympathetic drive to the blood vessels and heart and withdrawal of cardiac parasympathetic tone are produced to maintain BP. The response to psychological challenge is less dramatic. Psychological stressors do not cause BP to fall; therefore, no baroreflex-mediated autonomic alterations are required. Thus, these particular psychological stressors may be more purely parasympathetic in nature, in contrast to the mixed parasympathetic and sympathetic nature of the orthostatic response.
Alternatively, the effect of hostility on mental but not orthostatic challenge may be due to the involvement of higher centers linked to personality characteristics. In a pilot study, we presented data suggesting that psychological stressors are associated with reduced blood flow to the prefrontal cortex and that this effect is greater in high-hostile than in low-hostile subjects (44) .
Potential Limitations
Analyses suggested the possibility of gender-related differences in the correlations between hostility and HF power reactivity to psychological challenge, with a significant inverse relationship found for men and a nonsignificant inverse relationship found for women. Two possible explanations for these different correlation coefficients exist. One is that there is a true difference between men and women, but because of the small sample size there was insufficient statistical power to detect it. The second is that there is no difference between men and women in the relationship between hostility and HF power reactivity and that the apparent difference in the correlation coefficients is due to the narrower range of hostility scores in the women. Further studies are required to distinguish between these two alternatives.
Another potential limitation is the length of the interval between hostility assessment and psychophysiological testing: nearly 18 months. It is conceivable that because of this long interval, the assessed relationships between hostility and reactivity are actually underestimated because of instability in measurement of hostility. However, Barefoot et al. (45) have shown that measurement of hostility by the CookMedley scale is reliable over intervals as long as 4 years. Therefore, we believe that the interval between hostility assessment and psychophysiology testing does not invalidate these findings.
A third limitation of our study is the methodology used for the orthostatic challenge. In response to abrupt changes postural change (eg, standing or rapid tilting), HR increases immediately and then falls before reaching a new level of sustained increase. These immediate responses to positional change are known to be mediated by changes in cardiac vagal activity (46) . Although these acute responses may be of interest, our study used a relatively slow tilting procedure and allowed subjects to equilibrate to the 70°upright position before data were analyzed. We allowed this equilibration for two reasons. First, our interest was in measuring and comparing changes in steady-state autonomic controls from baseline to those levels required to adjust to the sustained changes in position or cognitive activity. Evidence suggests that after 2 minutes in the upright position, in contrast to the immediate response to positional change, HR is regulated by both the parasympathetic and sympathetic systems (40) . Second, the methodological restrictions of Fourierbased spectral analysis require that the data be relatively stable. The time course of the acute HR changes described above violate this assumption and would lead to erroneous interpretation of changes, especially at low frequencies.
CONCLUSIONS
These data indicate that the psychological trait of hostility is inversely related to cardiac autonomic responses to psychological but not orthostatic challenges in the laboratory and that gender does not moderate these effects. They support our previous finding that hostility is inversely related to daytime levels of HF power in younger subjects. Moreover, the findings are broadly consistent with the view that hostile individuals experience multiple stressful transactions throughout waking hours and that each of these transactions drives down cardiac vagal modulation in proportion to the degree of hostility. Cumulatively this results in lower daytime levels of cardiac parasympathetic activity for high-hostile subjects. Although this conclusion applies to both men and women, the data provide a suggestion of a gender-specific frequency dependence of reactivity to psychological challenge.
